This, and other exceptions to the generalizations that have been made, indicate that the size of proteins, though a dominant property, is not the only one to determine their behavior.
Arrhenius (4) has shown that the relation between the viscosity of a solution and its concentration can be expressed by his logarithmic formula:
log ~/,7o = O c in which n is the viscosity of the solution, n0 the viscosity of the solvent, 0 a proportionality constant characterizing the viscosity of the solute, and c the concentration of the solute, expressed in his later papers as gin. solute per 100 gm. solvent. In order to apply his equation to certain protein solutions that had been investigated, Arrhenius assumed that their large molecules were hydrated, and that concentration in such solutions was expressed with sufficient accuracy if account were taken of the water held by the hydrated molecules, by means of an hydration factor, n, representing the number of gin. of solvent associated with each gm. of solute, and therefore withdrawn from the free solvent (4, 19) .
The constant 0, calculated by Arrhenius from the extensive observations of Chick and her collaborators, increases steadily with the molecular weight of the protein. The value of the hydration factor calculated by Arrhenins was as great as 1.0 for all the proteins studied with the exception of egg albumin. In this case 0 and n were as'high as 0.0184 and 0.7 respectively.
Not all of the proteins studied by Chick were at their isoelectdc points. Casein is too insoluble near its isoelectric point, and its viscosity was measured in alkaline solution. Most of the other proteins were also studied as alkali salts. In 1921 Loeb studied the viscosity of isoelectric egg albumin (24) . His measurements, calculated by means of the Arrhenius equation, are in Table I . Two conclusions must be drawn from these measurements. The first, that the value of the viscosity constant, O, becomes smaller near the isoelectric point. The second, that n, the "hydration factor," becomes negligibly small in the case of isoelectric egg albumin. Both of these observations were explicitly made by Loeb. Loeb recognized that the viscosity of proteins was influenced both by their size and by their charge. Working before the molecular weights of the proteins were known, he noted the difference in behavior between a small and a large protein and wrote: "it is possible to account for the viscosities of protein solutions on the basis of Einstein's law when the relative volume occupied by the protein in solution is small, and on the basis of Arrhenius's formula when the volume exceeds the limits within which Einstein's formula holds. According to our view the former is true when the protein exists in the solution exclusively or almost exclusively in the form of isolated mole- cules or ions or particles too small to occlude water and this seems to be the case for solutions of crystalline egg albumin" ((24), page 80). Although the viscosity constant 0 is also smaller in the case of isoelectric serum albumin, pseudoglobulin, and euglobulin, the so called hydration factor never becomes negligible in the case of these proteins, indeed never becomes lower than 1.0.
The viscosity of oxyhemoglobin has recently been studied near its isoelectric point, and the results are given in Table II greater than the volume calculated from its molecular weight and its specific gravity. The increased viscosity may, however, depend in some other way upon the electrically charged condition of the protein molecule. In any case the forces represented by n are far smaller, at their respective isoelectric points, for egg albumin than for serum albumin, ~nd for oxyhemoglobin than for the serum globulins.
The Dissociation of Oxyhemoglobin.--These observations regarding viscosity suggest that next in importance to size, in determining the behavior of proteins, is the charged condition of their molecules. There have been two approaches to the study of proteins as electrolytes. In the one the attempt has been made to define protein-containing systems in terms of laws which have been developed for smaller ions. Whether the measurements upon the systems were upon their conductivity, their migration velocity, or their combining capacity, the same observation has been made; that proteins obeyed the laws of classical chemistry, and behaved as though they possessed but a small number of reactive groups. The conductivity measurements upon protein solutions, the large number of electromotive force measurements upon their acid-or base-combining capacities, and the solubility measurements upon their basecombining capacity, have been quantitatively defined by the mass law on the assumption that the valence of the proteins was of a low order. On this basis it has often been possible to estimate the affinity or dissociation constants with which the groups of the protein appeared to be reacting. With the advance in knowledge concerning the size of proteins and the number of their reactive groups it has become apparent that, however adequate these definitions of behavior, they might need reinterpretation. D'Agostino and Quagliariello studied the combining capacity of serum albumin over a restricted range (3) and attempted to estimate the dissociation constants of the groups in the protein from the slope of the titration curve. We now know that not two, but at least twenty, groups in the protein molecule were combining base over the range that they studied. The titration curve describing the combination of this protein with acid may be calculated on the basis of a single dissociation constant, although seventy groups in the albumin molecule are involved ((10), page 380). In a recent study of the combination of reduced and carboxyhemoglobin with base, Hastings and his collaborators have concluded that "the quantitative increase in the base bound by hemoglobin upon combination with CO is consistent . . . . with the hypothesis that the dissociation constant of one acid group is increased" ((18), page 334). This calculation was made on the basis of a molecular weight of 16,700. Since the molecular weight of hemoglobin is probably four times this value I four groups must be involved in this reaction, which nonetheless appears to be of the first order. Certain of these phenomena may depend upon the distance between the reactive groups at the surface of vast protein molecules (2, 5, 23, 31) .
The isoelectric point (21, 26) has been defined in terms of acid and basic dissociation constants. The extension of this notion to the slopes of titration curves has been used as an indication either of the number of groups that are reactive in the neighborhood of the isoelectric point, or of their strength (9, 35). A distinction must, however, be made between the affinity constants which define the behavior of proteins, and the number of groups that are known to be reactive. One acid and one basic group which are largely dissociated may increase the slope of a titration curve more than a larger number of acid and basic groups of such strength that there is no change in their ionization over a wide pH range.
The titration curves of serum and egg albumin are steeper at their isoelectric points than are those of other known proteins. The observations that even insoluble proteins are readily soluble when they are largely ionized has led to the notion that readily soluble proteins are largely ionized. The solubility of albumins in the neighborhood of their isoelectric points has thus been associated with their being highly dissociated both as acids and as bases. The narrow range of hydrogen ion activities which changes the direction of migration of these proteins in an electric field may be considered additional evidence in favor of this view.
Of the proteins that have been studied thus far, excepting only the albumins, oxyhemoglobin has the steepest slope to its titration curve in the neighborhood of its isoelectric point. Its titration curve, from pH 6 to 7.5, is most readily interpreted by assuming the presence of both positive and negative charges upon the oxyhemoglobin molecules throughout this range. The view deduced from the behavior of albumins suggests that the relatively great solubility of oxyhemoglobin in the neighborhood of its isoelectric point depends upon its dissociation. Like the albumins its migration changes in direction over a very narrow range of hydrogen ion activities (15, 27, 28) and in this respect, as in certain others, oxyhemoglobin is related more closely to the albumins than to most of the globulins.
The Solubility of Oxyhemoglobin.--Oxyhemoglobin has certain properties which give it a position intermediate between the albumins and the globulins. Its molecular weight is larger than that of egg and serum albumin, but smaller than that of pseudogiobulin, of euglobulin, or of gelatin. It is fairly soluble in water in the neighborhood of its isoelectric point, but much less soluble than the albumins. Its solubility in the absence of salts is much greater than that of these animal globulins, or of such vegetable globulins as edestin, but like them its solubility is increased by neutral salts. Neutral salts increase the solubility of oxyhemoglobin to a much smaller extent, however, than that of any other globulin that has thus far been studied.
The effect of neutral salts in increasing the solubility of slightly soluble substances is not restricted to the globulins, however, nor to the proteins. The solubility of most slightly soluble salts is increased by the presence of other salts. Many investigations of this phenomenon have been carried on in different laboratories. The inorganic salts that have been investigated have usually been of low valence types (22) but BrOnsted and his collaborators (6, 7, 8) , have studied certain compounds of higher valence. 6 years ago S. P. L. S0rensen and I attempted to extend to the serum globulins the observations that Br0nsted had made upon the cobaltamines. This attempt failed to yield conclusive results for two reasons. In the first place serum globulin is usually a mixture of euglobulin and pseudoglobulin, and therefore solubility, as Mellanby (25) and S0rensen (32) have shown, is rarely independent of the amount of saturating body3 We have now chosen for study oxyhemoglobin, a smaller molecule, which is readily crystallizable, and can be so purified that a single chemical individual can be studied. In the investigation to be reported, solubility in a given solvent was always independent of the amount of the saturating body, and remained constant as long as any saturating body was present. In this respect, therefore, it obeyed the laws of classical chemistry.
The earlier attempt to study the nature of globulin action was premature in a second respect. BrCnsted's equation, defining the solvent action of neutral salts, applied to dilute solutions. An extension to concentrated solutions, of equations defining the change in solubility of difficultly soluble substances was advanced by Debye in 1923 (12, 13) . This equation has been found adequate to describe the effect of neutral salts upon the solubility of oxyhemoglobin in the neighborhood of its isoelectric point.
II.
THEORETICAL.
"When, at a given temperature, a solid salt is in equilibrium with a solution, the activity of that salt in the solution is fixed. It cannot be changed by any change in the nature of the solution, such as would be produced by the addition of other electrolytes . . . . . whatever happens (isothermally) to the solution, the activity coefficient of the salt in question must remain inversely proportional to the mean molality of its ions" ((22), page 369), and therefore to its solubility. Since the activity must remain constant in a saturated solution, change in its solubility yields the activity coefficient. If we define the activity as the solubility in the absence of sa.lt 3 So and call the solubility in any other solution S, then the activity coefficient, % is equal to the ratio:
It has long been known that the activity coefficients of salts differed with their valence type. Many equations defining this relation have A distinction should in reality be made between So, the solubility in pure water, and S=o the solubility at infinite dilution (7). The quantity measured in this investigation was Sa~, but the distinction may, for present purposes, be ignored.
been advanced. But only the last of these, due to Debye, need be considered here. Debye has shown that in dilute solution the negative logarithm of the activity coefficient of an ion is proportional to the square of its valence, and to the square root of a quantity representing the electrical environment of the ion. This quantity is just twice the "ionic strength" of Lewis, a, expressed, however, as tools per liter, instead of tools per 1000 gin. water. The proportionality constant includes the absolute temperature, the Boltzmann constant, and the dielectric constant of the solution. At ordinary temperatures these reduce to the value 0.5. The Debye equation for the activity coefficient of an ion, of valence Z, in dilute solution may be written (14):
or for a salt of ions Z1 and Z2:
-~og * / = 0.s zlz, ~
In solutions more concentrated than a = 0.01 the distance between the ions is no longer so great in comparison with their dimensions as to warrant considering their charges as occupying a point in space. The above equations are therefore extended to concentrated solutions by including a term for the mean effective diameter of the ions in solution, b, expressed as cm., and a term expressing the effective thickness of the ionic atmosphere. This reciprocal distance, g, has been estimated by Debye These equations may be employed in the study of the change in solubility of a slightly soluble substance by combining equation (1) with (4) or (5):
log S/So = o.s z2 ~ _ o.s z,z, V';,
In the studies with which we are concerned the molecular concentration of the solvent salt was great in comparison with that of the solute. Phosphate solutions were chosen as the solvents for the oxyhemoglobin, since they would permit the measurement of solubility at any desired pH and any value of the ionic strength, and at the same time effectively buffer the oxyhemoglobin solutions.
The activity coefficients of phosphate solutions have been determined, and will be reported elsewhere. The solubility of oxyhemoglobin has been determined in phosphate solutions of ionic strength varying from 0.04 to 1.00. The solvent action of these phosphate solutions has been studied at pH 6.4, 6.6, and 6.8. Phosphate solutions of the desired reactions were obtained by employing the following formula:
pH + log (K~HPO~----"~ = pK --log 71/7, (7) The use of the Debye equation in the characterization of phosphate systems has led to a new value for the second dissociation constant of phosphoric acid:
pK ----7.16 (8) and to the following definition of the difference in the activity coefficients of the univalent and bivalent phosphate ions:
1.5 % /~ log ~/~2 1 + t.s ~/7~-K.,
where the salting out term, K,, has the following values for the ratio: In most of the systems studied the salting out term may be neglected. The mean effective diameter, b, multiplied by the reciprocal distance, K, has been found to be 1.5 %/~. In the phosphate solutions used as solvents for the oxyhemoglobin this value can, as a first approximation, be substituted in equation (6) 
But two quantities remain undetermined in this equation, So and the apparent valence type of the protein.
III.
E X P E R I M E N T A L .
The oxyhemoglobin used in these investigations has been prepared by a method worked out in this laboratory that will be described by Ferry and Green (16) . In principal it depends upon the very property with which we are concerned, namely that oxyhemoglobin, which is present in the red blood corpuscle to over 30 per cent, is soluble in the neighborhood of its isoelectric point, in a concentrated phosphate buffer at 0°C., only to the extent of 4 per cent. The oxyhemoglobin used was always crystallized twice, and was then washed repeatedly with the phosphate solvent to be employed. Since oxyhemoglobin crystals contain a large amount of water we have often found it necessary to wash the crystals for at least 12 hours, five or ten times, before solubility became constant. Thereafter the solubility remained constant.
The oxyhemoglobin crystals were placed in 250 cc. centrifuge cups, covered with the phosphate solvent, and continuously agitated by means of a mechanical stirrer. The centrifuge cups were immersed in an air-stirred ice water bath at 0°C. and the entire apparatus remained in a cold room throughout the experiment. The stirring continuously oxygenated the hemoglobin. When equilibrium had been reached the undissolved crystals were separated from the solution by centrifugation, and the supernatant liquid filtered. The measurement of solubility, as well as the preparation of oxyhemoglobin, was carried out in the cold.
The solubility of the oxyhemoglobin was determined by analyses of the nitrogen in aliquot parts of the filtrate. Triplicate nitrogen analyses were generally made. The restflts have been calculated as gm. oxyhemoglobin per 100 cc. solution, on the assumption that oxyhemoglobin contains 17.7 per cent nitrogen. The first experiments were conducted approximately at the isoelectric point of the oxyhemoglobin, as measured by Michaelis (27, 28) and Ferry (15) . These investigators give 6.78 as the isoelectric point determined by cataphoresis.
The phosphate solvents of different ionic strength were therefore so constituted as to have approximately this pH. The results are recorded in Table III .
In this first experiment one solvent was employed which has not been recorded. A phosphate solution of ionic strength 0.01 yielded as high a solubility as a solvent four times the concentration. This was interpreted as being due to insufficient buffering of the oxyhemoglobin. The phosphate solution of ionic strength 0.04 was retained in subsequent experiments, partly to illustrate this phenomenon, although it probably did not completely buffer the oxyhemoglobin solutions. The second pH at which the solubility of oxyhemoglobin was studied was 6.6. It was found that solubility at the same ionic strength was uniformly lower at pH 6.6 than 6.8. Accordingly another series of measurements were made at pH 6.4. These demonstrated that the minimum of solubility occurred in the neighborhood of pH 6.6. Moreover, the irregular behavior of the most dilute solvents largely disappeared in this more acid series. Finally other experiments were performed with certain of the same phosphate solvents, but with other oxyhemoglobin preparations, in order to determine the reproducibility of the material, and of the method. All of these are recorded in Table III , and the average solubilities calculated.
The logarithms of the average solubilities are recorded in Table IV , and are graphically represented in Fig. 1 . It will be noted that, with the exception of the measurements on the most dilute phosphate solvents, the points fall upon parallel curves. Apparently the influence of the pH was not upon that component of solubility which is effected by the salt, but upon So. The distance between these paral- lel curves has been estimated, and is termed A log So in Table IV . This component of solubility should probably be ascribed to a change in ionization, and therefore to compound formation of the dissolved oxyhemoglobin. It can be treated in terms of the mass law, and will be considered at another time. It does not depend upon a change in the valence type of the oxyhemoglobin in whatever form it exists as saturating body. The subtraction of ~ log So from the solubilities at pH 6.4, 6.6, and 6.8 led to results which are in such close agreement, at the same value of the ionic strength, as to suggest the identity of the saturating body in the systems studied.
The change in the solubility of oxyhemoglobin with the concentration of the phosphate at any pH, or the average of all the results corrected for the change in pH, may be employed in connection with equation (10) to estimate the apparent valence type of oxyhemoglobin. As has been noted two quantities remain undetermined in this equation, the valence type, and So. The shape of the curves in Fig. 1 TABLE IV. suggests that oxyhemoglobin behaves as though it were either a bivalent ion, a bi-bivalent compound, or, more probably, a quadriunivalent compound. In either case, equation (10)becomes:
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2v ;
log S/So = 1 + 1.5 X/~
The activity coefficients of oxyhemoglobin have been calculated on this assumption, and subtracted from the logarithm of the solubility in Table IV . The difference yields a constant value for log So, and thus justifies the assumption regarding the apparent valence type of oxyhemoglobin.
Landsteiner and Heidelberger (20) have determined the solubility of very pure salt-free oxyhemoglobin. They were, as they state, concerned only with relative results, and therefore made no attempt to control the temperature. The solubilities that they observed are recorded in Table V . It will be noted that after the first experiment, they obtained results all of which are consistent with, and the lower of which are identicalwith, those calculated above by means of the Debye equation from the solubility in salt solutions. The solubility in water of oxyhemoglobin at pH 6.6 and 0°C. may therefore be provisionally taken as 11.2 grn. per liter. The solubility of oxyhemoglobin is higher at more acid and at more alkaline reactions than it is at pH 6.6. The solubility at the other reactions studied may be estimated by adding to our average value of log So the values of /t log So deduced from solubility in salt solutions. This calculation yields a solubility at pH 6.4 and 6.8 of 12.2 and 13.1 gm. per liter respectively. Dividing the solubility results obtained at different values of the ionic strength by these values of So yields the activity coefficients of oxyhemoglobin in phosphate solutions. These are graphically represented in Fig. 2 , and compared with the activity coefficients of substances of known valence type, such as the bi-bivalent compound xantho chromate, and the tri-trivalent luteo hexacyano cobaltiate, studied by BrCnsted and his collaborators. The similarity between given by Lewis and Randall (22) . The agreement between the activity coefficients of oxyhemoglobin and of xantho chromate has already been considered. It is closer than that between magnesium sulfate and xantho chromate dissolved in magnesium sulfate, although in this comparison both are bi-bivalent compounds, and the mean effective diameter of the ions in solution should be the same. In comparing two bi-univalent salts, the activity coefficients of one of which, cadmium chloride, happen to be of the same order, at certain concentrations, as those of bi-bivalent compounds, Lewis and Randall remark "we have seen other cases of slight disagreement between the activity coefficients of salts of the same valence type, but this is evidently a different kind of phenomenon. The fact is that cad-mium chloride cannot be regarded as a strong electrolyte" ( (22), page 361).
To conclude that oxyhemoglobin is bivalent or quadrivalent might be correct, but would be unjustified at the present time. Before this conclusion can be accepted it will be necessary to demonstrate that an equation deduced for ions whose dimensions are of the order 10 -8 cm. holds without alteration for ions whose dimensions are of the order 10 -6 cm., and to discover the nature of the saturating body. Our experiments permit neither deduction. They render it certain, however, that oxyhemoglobin behaves in this respect as though it were bivalent or quadrivalent, and that the action of neutral salts in dissolving proteins is identical to their action in dissolving other slightly soluble substances.
Salts have an even more profound influence upon the other globulins that have been studied thus far than they have on oxyhemoglobin. Presumably they are of higher valence types. It is for this reason that no analogy has been found for the solvent action of neutral salts upon globulins like edestin, whose solubility in phosphate solutions at pH 6.8 varies from 0.001, at an ionic strength of 0.25, to 60 gin. per liter at an ionic strength of 1.4, and which behaves as though it were approximately quinquevalent. The solubility of this globulin in salt solution was studied by Osborne and Harris in 1905 (30) , and their results are still adequate for its characterization. In the same year Hardy (17) and Mellanby (25) studied the solubility of serum globulin in salt solutions. Since then Scrensen has shown that serum globulin is usually a mixture of pseudoglobulin and euglobulin (32) . The fractions of serum globulin that have been studied, which have solubilities of the order of 0.1 gin. in a liter of water, have solubilities over 100 times as great in 0.1 molal salt solution. The valence types of such ions, and the electrical forces surrounding such vast molecules are of a kind for which inorganic chemistry has as yet found no analogy. On the other hand the relatively small solvent action of neutral salts upon hemoglobin, which renders it unique among the globulins thus far investigated, offers an opportunity of comparing the behavior of these proteins with that of slightly soluble salts of known valence.
IV.
SUMMARY.
I. The solvent action of a neutral salt upon a protein, oxyhemoglobin, has been found identical to the solvent action of a neutral salt upon a bi-bivalent or uni-quadrivalent compound.
2. The solubility of oxyhemoglobin in phosphate solutions of varying ionic strength has been defined by the equation: log S / S o = 2vT in which ~ is the ionic strength, and So is the solubility (I + 1.5V~-~) in the absence of salt.
3. The values of So have been calculated to be 12.2, II.2, and 13.1 grn. per liter respectively at pH 6.4, 6.6, and 6.8.
4. The relatively great solubility of oxyhemoglobin in water has been ascribed to the strong affinity constants for acid and base of certain groups in oxyhemoglobin.
5. The small change in the solubility of oxyhemoglobin effected by neutral salts suggests that but few such groups are dissociated in oxyhemoglobin in the state in which it crystallizes near its isoelectric point.
6. Certain of the other properties of oxyhemoglobin, such as its low viscosity, are considered in the light of its molecular weight and its valence type.
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